Poly(vinyl pyrrolidone)(PVP)/(strontium/barium acetate)/titanium isopropoxide composite fibers were prepared by electrospinning technique via sol-gel process. Diameters of fibers prepared by calcinations of PVP composite fibers were 80-140 nm (solid) and 1.2-2.2 μm (hollow fibers prepared by core-shell method). These fibers were characterized using scanning electron microscope (SEM), X-ray diffraction (XRD), and transmission electron microscope (TEM) analytical techniques. XRD results showed better crystalline nature of the materials when calcined at higher temperatures. SEM and TEM results clearly showed the formation of hollow submicrometer tubes. The surface area of the samples determined by BET analysis indicated that hollow fibers have ∼20% higher surface area than solid fibers. The UV studies indicate better detoxification properties of the hollow fibers compared to solid fibers.
Introduction
Fabrication of ceramic fibers via electrospinning has recently drawn much interest owing to their simple nature of fabrication and versatile applications [1] . Due to their surfaceand size-dependant properties, ceramic nanofibers prove to be useful materials in several applications [2] . Ceramic nanomaterials provide better solutions than their bulk counterparts and could eventually be used in many applications such as biosensors, biomolecular machines, catalysis, solar cells, fuel cells, hydrogen storage, membranes, batteries, and tissue engineering, due to their unique properties [3] . Currently, the large-scale productions of such systems are uneconomical and controlling the size of the fibers is a challenge [4] .
Strontium titanate (STO) has a perovskite structure at room temperature. At the lowest temperatures measured, it behaves as a paraelectric material, but it shows a ferroelectric phase transition with large dielectric constant of ∼104 at temperatures much lower than room temperature [5] .
It finds important applications in varistors, precision optics, as a diamond simulant and in advanced ceramics [6] . Szot et al., 2006 [7] , reported the switching behavior is an intrinsic feature of naturally occurring dislocations in single crystals of a prototypical ternary oxide, SrTiO 3 . Yan et al., 2010 [8] , recently reported the switching mechanism in Ag/SrTiO 3 /Pt memory cells. In the case of barium titanate (BTO), it is a ferroelectric material, with piezoelectric properties [9] . These fibers have potential applications as ferroelectric transducers and show better performance than their thin films counterpart [10] [11] [12] .
In the past few decades, chemical and biological warfare have grown tremendously owing to the rapid technological advances. These warfare methods possess great threats to the human race. Amongst the most hazardous agents areorganophosphorous agents, nerve agents, mustard agents and toxins such as chlorine and arsine. Current protective gear such as HAZMAT (Hazardous materials), JSLIST (Joint Service Lightweight Integrated Suit Technology), and BDO (Battle Dress Over) rely on activated carbon. These gears are heavy and retain the moisture content, making it unbearable to be worn after 8-10 hrs [13] .
In the present work, we report the synthesis of SrTiO 3 and BaTiO 3 nanofibers with different morphologies. These one-dimensional fibers show exciting results compared to thin films. The hollow fibers show promising results for use as chemical and biological warfare catalysts. These materials can be coated on the protective gear providing lightweight and comfortable solutions to the soldiers. We opted to choose these materials since they show excellent electrical properties and can also be used as chemical and biological sensors, data transfer, and real-time monitoring of the health conditions of a soldier during warfare. These materials can provide total integrated solutions for protective clothing. We are currently investigating these materials for applications in RRAM devices, ferroelectric transducers [1, 2, 4, 14] . To the best of our knowledge, this is the first report for the fabrication of aligned and hollow strontium titanate nanofibers (by electrospinning). It is also the first report for detoxification studies using hollow fibers and their comparison with solid fibers. 
Methods

2.2.
Fabrication of (Sr/Ba)TiO 3 Nanofibers (Solid). Strontium/barium acetate was first dissolved in acetic acid in 1 : 2 ratio. The mix was stirred under a magnetic agitator for 1.5 h. Then, 0.8 mL of TFA was added and stirred for another 15 mins. PVP solution was prepared by dissolving 0.2 g polymer in 3 mL ethanol. After 15 mins of further stirring, 1.5 mL of titanium isopropoxide was added and, the solution was stirred for another 1.5 h, after which a clear yellow-colored solution was obtained. This (PVP)/(strontium/barium acetate)/titanium isopropoxide composite sol was taken in a 3 mL capacity BentonDickenson clinical syringe attached with a 27 G stainlesssteel needle (0.4 mm needle diameter). An electric field of 14-16 kV (Gamma high-voltage power supply, Gamma highvoltage, FL) was applied between the needle and the ground (a rotating wheel at 2500 rpm was used for collecting aligned fibers; a rotating drum at 300 rpm was used for collecting random fibers) at a distance of 8 cm. All experiments were conducted at room temperature with relative humidity (50%-60%) condition having flow rate of 0.8 mL/h. After electrospinning, the as-spun (PVP)/(strontium/barium acetate)/titanium isopropoxide composite fibers were calcined for 3 h in air at different temperatures (450
• -800 at a heating rate of 3
• C/min in order to obtain pure (Sr/Ba)TiO 3 nanofibers.
Fabrication of (Sr/Ba)TiO 3 Microfibers (Hollow).
Hollow (Sr/Ba)TiO 3 fibers were prepared via core-shell electrospinning method. Mineral oil was used as core solution and the solution for shell was prepared by the method described above. Both core and shell solutions were loaded into two different plastic syringes of 3 mL each. The setup for the coreshell apparatus is shown in Figure 1 .
The inner diameter of the needle used for the core solution is 0.4 mm. The diameter of the outer needle is 1.27 mm. An electric field of 12-14 kV (Gamma highvoltage power supply, Gamma high-voltage, FL) was applied between the needle and the ground (aluminium foil) at a distance of 12 cm. All the experiments were performed at room temperature with relative humidity (50-60%) condition. The flow rates for core and shell solutions were set at 0.3 mL/h and 0.8 mL/h, respectively. After electrospinning, the as-spun (PVP)/(strontium/bariumacetate)/titanium isopropoxide composite fibers were washed in heptane solution to remove the mineral oil (core). In order to obtain pure (Sr/Ba)TiO 3 hollow fibers, the samples were calcined for 3 h in air at a temperature range of 450-800
• C at a heating rate of 3 • C/min.
Characterization
Surface morphology of (Sr/Ba)TiO 3 fibers was characterized using a Quanta FEI (The Netherlands) SEM instrument operating at 10-15 kV. Goal coating of the samples for 100-120 seconds was performed to increase the conductivity of the samples using a JEOL FRC 1200 fine coater (Jeol Ltd., Singapore) before taking SEM. ImageJ 1.29 (222 commands) (Java image processing software) was used to measure the average diameter of the fibers. At least 60 measurements were Journal of Nanotechnology taken to report the average fiber diameter. Powder X-ray patterns were obtained on a Shimadzu X-ray diffractometer (Shimadzu XRD 6000, Shimadzu, Singapore) with CuKα (l.541Å) radiation. A JEOL 3010 HR-TEM was used to characterize the (Sr/Ba)TiO 3 fibers and was operated at 300 kV. The (Sr/Ba)TiO 3 fibers were dispersed in ethanol and then a drop of the above dispersion was taken on a carbon-coated copper grid (300 meshes). Absorption studies of the hollow fibers against paraoxon were done using a Unicam UV-VIS 300 series spectrophotometer with a vision data system (Thermo Spectronics). BET analysis was performed for calculating the surface area of the fibers using Quantachrome Nova 2000e (Quantachrome Instruments, USA) using software Quantachrome V 11.0. UV-Vis spectra were recorded on a Thermo Spectronic Unicam UV 300 spectrophotometer. Spectra were recorded for paraoxon (or DMCP) in heptane as solvent. First, 10 μL paraoxon was added to 50 mL heptane. To prepare a stock solution, 10 mL of this mixture was further diluted with 50 mL of heptane. To this solution, 0.5 g of fibers was added and the decrease in absorbance intensity at λ max 268 nm was recorded.
(g) (h) (i) Figure 5 : TEM images of (a) hollow BTO calcinated at 500 • C, (b) hollow BTO calcinated at 800 • C, (c) SAED of BTO calcinated at 500 • C, (d) solid BTO calcinated at 800
• C, (e) SAED of BTO calcinated at 800 • C, (f) hollow STO calcinated at 500 • C, (g) SAED of STO calcinated at 500
• C, (h) SAED of STO calcinated at 800 • C, and (i) solid BTO calcinated at 800 • C.
Results and Discussions
The fabrication of PVP with ultrathin uniform fibers by electrospinning method has been reported previously. It is possible to tune the fibers diameter and morphology depending on the type of organic solvent used for electrospinning process [15] . In this work, sol-gel precursors such as strontium acetate and barium acetate mixture were mixed with a PVP solution in ethanol. Titanium isopropoxide was added later to obtain the desired titanate. These precursor solutions were loaded into syringe and electrospun. After the solution had been electrospun into a thin jet, the precursors started to hydrolyze with the surrounding moisture in air and thereby generated continuous gel network within the polymer matrix. One-dimensional ceramic nanofibers were obtained by the calcinations of these composite fibers at a temperature range of 450-800 • C. The SEM images of the nanofibers are shown in Figure 2 . It has been clearly observed from the SEM micrographs that the fibers are smooth and cylindrical shape in morphology. The diameters of the fibers calculated are listed in Table 1 . It has been observed that the diameter varies according to the morphology of the fibers. It can be clearly seen that the solid fibers prepared are smooth and have a desirable size range (Figure 2(a) ) and the aligned fibers prepared (Figure 2(b) ) retain their orientation after sintering. The random fibers show similar morphology to the aligned fibers with some roughness on the surface. However, the sizes of hollow fibers were larger when compared to solid fibers. Furthermore, a broad range of fiber diameter distribution for hollow fibers was observed. One of the possible reasons for the large size of the hollow fibers can be due to use of 1.27 mm needle used for shell in core-shell electrospinning, while 0.4 mm needle was used for the fabrication of the solid fibers. Another possible explanation could be comparatively higher concentration of the polymer solution used in core-shell electrospinning. This has resulted in the increase in the viscosity of the spinning jet during core-shell electrospinning and thereby creates higher fiber diameter.
BET analysis was performed to calculate the surface area of the fibers-a possible explanation for the difference of detoxification results among the solid and hollow fibers, since the detoxification is caused due to both chemisorption as well as physisorption. The average surface area of the solid fibers is calculated to be ∼8.820 m 2 /g, whereas that of the hollow fibers is around ∼10.788 m 2 /g. It is well known that the surface area of the hollow fibers is significantly much higher than that of solid fibers [16] . However, in the present study, the surface area of the hollow fibers is approximately ∼1.2 times than that of the solid fibers, which is less than expected. This observed negligible or slight difference in surface area can be explained as follows: although the fibers with hollow nature is expected to contribute higher surface area, the size of the fibers (size for hollow fibers is 1-5 microns and 80-100 nm for solid fibers) is quite high and hence, surface area has not increased much as expected.
XRD analysis was performed to configure the variation in the crystallinity of BTO and STO, respectively, upon different calcination temperatures. The figures clearly show that the crystallinity of the fibers increases up to a sintering temperature of 500
• C and then degrades gradually beyond this temperature. In the case of BTO (Figure 3) , we observed the sharp and well-defined peaks formations for (111) and (200) planes corresponding to 2 theta values 38.48 and 44.74, respectively, at 500
• C. In case of STO (Figure 4) , sharp peaks at 2 theta values 38.46 and 44.68 are observed corresponding to (111) and (200) planes at 500
• C. The fibers become extremely brittle, when sintered at temperatures >700
• C, and lose their structural integrity even with the slightest contact, thus making them unusable. The XRD peaks observed in our materials are well in accordance with the reported literature [17] [18] [19] [20] . Figure 5 shows the high-resolution TEM images of the prepared STO and BTO fibers. The surface morphology can be clearly seen in these images. The hollow fibers can be clearly seen in Figures 5(a) and 5(f) . The boundary between the interior hollow and the shell is distinct from the contrast difference ( Figure 5(a) ). The single area diffraction peak (SADP) also known as selected area electron diffraction (SAED) was recorded for the fibers calcinated at 500
• C and 800
• C (Figures 5(c) , 5(e), 5(g), and 5(h)). When we compare the SAED patterns for the fibers calcined at 500
• C with 800
• C, the bright spots (Figures 5(c) and 5(g)) were observed for fibers calcined at 500
• C, whereas ring patterns with faint spots were seen for the samples calcinations at 800
• C (Figures 5(e) and 5(h)). This clearly indicates that better crystallinity of these materials can be obtained by calcinations at 500
• C. The SAED/SADP pattern is well in accordance with the reported literature and verifies the crystal planes determined in XRD [16] .
Figures 6(a) and 6(b) show the SEM energy dispersive X-ray spectroscopy (EDS/EDX), of the SrTiO 3 and BaTiO 3 calcinated at 500
• C, respectively, and indicate the presence of respective elements in the fiber. This result confirms the formation of pure SrTiO 3 and BaTiO 3 nanofibers. The prominent peak noticed at 8 keV belongs to Copper (Cu), since the samples were taken on a copper grid for analysis.
The detoxification properties of the solid and hollow fibers were compared against paraoxon-simulant for nerve agent VX using UV-vis spectroscopy. Since nerve agents are highly toxic, the simulant paraoxon is used, which has a similar structure to VX. Figure 7 shows the detoxification properties of the STO fibers with time. Similar behavior was observed for BTO fibers (not presented here). It is clearly evident that the fibers are effective in detoxifying the nerve agent simulant. The hollow fibers show better performance compared to the solid fibers. It is to be noted here that the size of the hollow fibers lies in the range of ∼1.5 microns, while the solid fibers are ∼80-100 nm in size.
Although the surface area of hollow fibers was 1.2 times higher than that of solid fibers, hollow fibers show better detoxification results. It is expected that the hollow fibers in the range of few nanometers will possess higher surface area and show excellent detoxification abilities. Our current aim is to bring down the size of the hollow fibers and test its properties against nerve agents as well as other harmful chemical/biological agents. This study shows that these ceramic materials can be used to decontaminate chemical and biological (CB) warfare agents and can be used as in the protection against CB warfare agents.
Conclusions
Electrospinning of barium titanate and strontium titanate fibers was carried out. The samples were calcinated at different temperatures and their variation in crystallinity was noted. The detoxification properties of these fibers were tested against paraoxon-simulant for nerve agent VX. It was shown that the hollow fibers perform better compared to the solid fibers, which is validated by the BET analysis. Further research is required to reduce the size of the hollow fibers to the nanometer range and evaluate its performance against various hazardous materials. We also intend to study the electrical properties of these fibers and prepare an integrated textile based on all current technology available, thereby providing a complete solution for protective clothing.
